Nitrogen regulator II (NR,l or NtrB) is a homodimeric signal-transducing protein kinase/phosphatase responsible for the transcriptional regulation of the Ntr regulon in Escherichia coli. NRI, is a member of a large family of proteins that are part of the related two-component signal transduction systems. We studied the mechanism of NR* autophosphorylation by using purified components. Alteration of the site of NR,, autophosphorylation Under conditions of nitrogen excess, the product of the ginD gene, a bifunctional uridylyltransferase/uridylyl-removing enzyme, brings about the removal of uridylyl groups from a signal transduction protein known as P,,, the product of glnB (1; reviewed in reference 13). The P,, protein in its unmodified form interacts with NR,, and, by an unknown mechanism, results in the conversion of NR,, to a form that stimulates the * Corresponding author. dephosphorylation of NRI-P (phosphatase activity [3, 5, 8] ).
related two-component system kinases CheA and EnvZ are similar (reviewed in reference 18). All three enzymes, which are homodimers, form stable phosphoryl-histidine intermediates in which the phosphoryl group is located at the site homologous to His-139 of NR,,. It has been unclear whether phosphorylation occurs within or between subunits, and we focus on this issue in this report.
Studies with the EnvZ kinase suggested that autophosphorylation is by a mechanism involving trans-phosphorylation between EnvZ subunits (22) . Using crude membranes (EnvZ is a transmembrane protein), Yang and Inouye demonstrated that a truncated mutant protein lacking the C terminus of EnvZ became phosphorylated when a mutant protein lacking the site of autophosphorylation was present (22) . It Studies with intact cells have indicated that intramolecular complementation between different cheA mutations occurs (17) . Specifically, mutations mapping at opposite ends of the cheA gene can complement for chemotaxis in recombinationdeficient cells. This observation suggested that different mutant CheA subunits could interact to restore chemotaxis. It has recently been shown by two groups that certain mutant CheA proteins altered near the C-terminal end of the conserved kinase domain cannot be autophosphorylated in vitro by ATP and that this defect can be complemented by addition of mutant CheA proteins lacking the site of autophosphorylation (19, 21) . In those experiments, complementation of the autophosphorylation activity was observed upon mixing of the purified proteins (19, 21) . These two studies and the study conducted by Yang and Inouye (22) do not distinguish between the alternative possibilities of trans-phosphorylation occuring within or between dimeric proteins.
Assuming that the autophosphorylation reaction catalyzed by the homologous kinase proteins of the two-component systems proceeds by a common mechanism, there are a number of possible mechanisms by which this reaction can occur: (i) a monomer catalyzes only its own phosphorylation (cis model); (ii) a monomer catalyzes only the phosphorylation of the other monomer within the dimer (trans-intramolecular model); (iii) a monomer catalyzes only the phosphorylation of monomers in other dimers (intermolecular model); (iv) a semipermissive model allowing both mechanisms i and ii (intramolecular semipermissive model); (v) a semipermissive model allowing both mechanisms i and iii (cis and intermolecular semipermissive model); (vi) a semipermissive model allowing both mechanisms ii and iii (trans and intermolecular semipermissive model); and (vii) a permissive model allowing mechanisms i, ii, and iii.
The previous reports (19, 21, 22) and the results presented in this paper seem to exclude the cis model (i), because two mutant proteins, each unable to be autophosphorylated, can complement for autophosphorylation. We will present evidence that excludes the intermolecular model (iii) by showing that the complementation of the autophosphorylation activity of a mutant subunit by a wild-type subunit occurs only within hybrid dimers containing these subunits. Also, we will show that two mutant subunits that contain the full-length kinase domain can complement only if treated in such a way as to permit the formation of hybrid dimers. We will present evidence excluding the intramolecular semipermissive model (iv) by showing that within hybrid dimers containing a mutant and a wild-type subunit, there was a marked bias of the phosphorylation; namely, almost all of the phosphorylation was on the mutant subunit. Finally, we present evidence excluding all of the semipermissive models and the permissive model since we will show that complementation of the autophosphorylation of a full-length mutant subunit occured only under conditions permitting the formation of mixed dimers, and then only within the mixed dimer. Our results therefore indicate that complementation restoring the autophosphorylation activity occurs in vitro within hybrid dimers, supporting the trans-intramolecular model (ii) of phosphorylation and excluding other models.
MATERIALS AND METHODS
Mutant construction. The H-139->N (H139N) and G313A mutations were introduced into the Escherichia coli glnL gene by oligonucleotide-directed mutagenesis, and the ter291 mutation (termination codon at codon 291) was fortuitously introduced into the glnL gene by Bal 31 mutagenesis (2) (Fig.  1) . The H139N and G313A mutant alleles were subcloned into an expression vector (pJLA503) in which glnL is fused to strong translational initiation signals from the atpE gene and transcription of gInL is due to the bacteriophage lambda PL and PR promoters, under the control of the temperaturesensitive phage repressor encoded by the c1857 gene (15) . We purified the products of these mutant genes from temperatureinduced cells. The ter291 allele was subcloned into an expres- (16) except that SDS was omitted, the resolving gels were pH 8.9, and the 5% stacking gels were pH 7.6. The running buffer for nondenaturing gels contained 4 (ii) Urea-treated and dialyzed proteins. Wild-type NR,, MBP-NR,,, H139N, G313A, or equimolar mixtures of H139N and G313A, MBP-NR,, and H139N, or MBP-NRI, and G313A
proteins were incubated at final total protein concentrations of 2.5 ,uM ( . The reactions were stopped by the addition of SDS-sample buffer, and samples were subjected to SDS-PAGE and autoradiography. Alternatively, reactions were stopped by addition of a mixture of EDTA and glycerol, such that the final concentration of EDTA was 10 mM and that of glycerol was 5%, and loaded onto nondenaturing polyacrylamide gels. Experiments with the ter291 protein (see Fig. 9A ) were done in a similar manner, except that proteins were dialyzed and assayed at 0.6 ,uM each (without the addition of BSA to single-protein reactions) and the ATP concentration was 50 ,uM. In experiments in which NR, phosphorylation was assayed, NR, was added to aliquots of autophosphorylation assays to 7 ,uM, and the reactions were continued for 1 min at 30°C and then were stopped with SDS-sample buffer.
Urea titration. Wild-type NR,, (5.4 ,uM) the ability to act in concert with P,, to destabilize NR,-P (5, 8) . The mutant alleles were subcloned into expression vectors, and the proteins were purified as described in Materials and Methods.
The abilities of the wild-type NR,, and the H139N, G313A, and ter291 proteins to be phosphorylated upon incubation with ATP were compared (Fig. 2) . The H139N protein was not detectably phosphorylated when incubated with [y_-32P]ATP, as expected, since the mutation of codon 139 alters the site of NR,, autophosphorylation. The G313A protein was observed to become phosphorylated at a slower (at least 20-fold) rate than the wild type and attained a much lower level of phosphorylation than the wild-type protein after 1 min of incubation when the concentration of ATP was 50 F.M (Fig. 2) . In additional experiments, we observed that at higher concentrations of ATP (0.5 mM), the G313A protein was phosphorylated with a stoichiometry similar to that of wild-type NR,,, but again this phosphorylation was at least 20-fold slower than that obtained with wild-type NRI, (not shown). The ter291 protein was not detectably phosphorylated (Fig. 2) .
UV cross-linking of NR1l to ATP. Since the G313A protein autophosphorylates poorly, we considered the possibility that it is impaired in the binding of ATP. ATP binding was assessed by the cross-linking of [_-32P]ATP to protein by short-wave UV light (Fig. 3A) phosphocnzyme from contaminating [y-32P]ATP. Thcse results show that the defect in autophosphorylation shown by the G313A protein is at least partly due to impaired nucleotidc binding. In contrast, the H139N protein, while impaired in the ability to be phosphorylated, retained the ability to bind ATP (Fig. 3A) .
Reversible effect of urea on the autophosphorylation of wild-type NR11. Preliminary experimcnts in which mutant proteins with complementary functions were mixed resulted in a failure to observe complementation of autophosphorylation activity (see below). Therefore, we developed a denaturationrenaturation procedure designed to result in the production of mixed dimers. The effcct of mild denaturants on the autophosphorylation of wild-type NR,, and the reversibility of the effcct of dcnaturants were cxamined. It was found that a relatively low concentration of urea (2.8 M) resulted in the elimination of NR,, autophosphorylation and that this inhibition was reversed upon dialysis of the treated sample (Fig. 4A) . As shown, most of the wild-type NR,, autophosphorylation activity is recovered after removal of the urea by dialysis. Urea treatment does not abolish ATP binding (Fig. 3B) , suggesting that this treatment does not result in the total loss of secondary structure within the NR,, monomer.
Autophosphorylation of the combined H139N and G313A proteins. As noted above, the G313A protein was barely phosphorylated and the H139N protein was not phosphorylated when incubated with ATP. When the two proteins were separately treated with urea and then dialyzed, essentially the same result was obtained (Fig. 4B) . However, when the two altered proteins were combined and then subjected to trcatment with urea and dialysis, there was a marked stimulation of autophosphorylation over that seen with urea-treated and dialyzed G313A alone (Fig. 4B) . In a separate experiment, we observed that upon incubation with NR,, phosphoryl groups were lost from the G313A protein and from the mixture of G313A and H139N that had been treated together with urea and dialyzed ( Fig. 4C and D) . This indicates that the proper site in NR,, has been phosphorylated.
The urea treatment-dialysis protocol results in the formation of hybrid dimers. To better understand what was occuring during our urea treatment-dialysis protocol, we constructed and purified a fusion protein in which MBP (molecular weight, 42,000) was fused to the N-terminal domain of wild-type NR,, (monomer molecular weight, 38,400). This fusion protein (MBP-NR,,) was then subjected to the urea-dialysis procedure either alone or in combination with the G313A or H139N protein, and the reaction mixtures were subjected to electrophoresis on nondenaturing 10% polyacrylamide gels. As shown in Fig. 5 , the urea-dialysis treatment resulted in the appearance of a new species that migrated to a position between the MBP-NR,, and the G313A and H139N proteins. We will show below that this species is a hybrid dimer containing both MBP-NRI, and normal-sized (G313A or H139N) subunits.
We investigated whether MBP-NR,, could stimulate the autophosphorylation of the G313A and H139N proteins after the urea-dialysis treatment (Fig. 6) . Reaction mixtures similar to those shown in Fig. 5 , lanes 4 to 8, were incubated with [-Y-32PIATP and divided into aliquots. One aliquot was run on a nondenaturing gel, another aliquot was run on an SDScontaining denaturing gel, and a third aliquot was incubated with NR, and run on an SDS-containing denaturing gel. As shown, the putative hybrid species was phosphorylated when either the G313A or H139N protein was subjected to the urea-dialysis protocol in combination with the MBP-NR,, protein (Fig. 6A, lanes 4 and 5) . It is also noteworthy that the species corresponding to the G313A homodimer in Fig. 6A (Fig. 6A, lane 1) . When the same reaction mixtures were examined on a denaturing gel, it was observed that the urea-dialysis treatment of MBP-NR1, protein and G313A in combination resulted in a considerable increase in the phosphorylation of the G313A subunit and a considerable decrease in the phosphorylation of the MBP-NR,, subunit (Fig. 6B ). All autophosphorylated proteins in these experiments were able to transfer the phosphoryl groups to NR,, as shown in Fig. 6C . In a separate experiment, we examined whether the formation of the putative hybrid dimer between MBP-NR,, and either G313A or H139N depended on the urea-dialysis treatment. As shown in Fig. 7A and B, simply combining the separate proteins in autophosphorylation reaction mixtures did not result in the formation of the hybrid species; the hybrid species was formed only when the proteins had been put through the urea-dialysis procedure together. Furthermore, the stimulation of G313A autophosphorylation by the MBP-NR,, protein did not occur when these proteins were simply combined without the urea-dialysis step ( Fig. 7C  and D) . Similarly, mixing together of samples that had been separately treated with urea and dialyzed did not result in the stimulation of autophosphorylation (Fig. 7E) .
Purification of the MBP-NR,1-G313A and MBP-NRI,-H139N hybrid dimers. Comparison of the results of Fig. 6A and B suggested that the increase in G313A phosphorylation in Fig. 6B , lane 4, was due to inclusion of G313A in the putative hybrid dimer in Fig. 6A , lane 4. We therefore prepared reaction mixtures identical to those shown in Fig. 6A , lanes 4 and 5, subjected the samples to nondenaturing gel electrophoresis, excised bands from the gel, and examined the samples on a denaturing gel, as described in Materials and Methods. The denaturing gel was subjected to autoradiography and then stained with Coomassie brilliant blue. As shown in Fig. 8A , the Coomassie blue-stained denaturing gel clearly indicated that the bands thought to be hybrid dimers contained both MBP-NR,, and normal-sized subunits, confirming that these species were, in fact, hybrid dimers. The autoradiograph of this SDS-containing gel indicated that in the hybrid dimer consisting of MBP-NRI, and H139N, only the MBP-NR,, species was phosphorylated, while in the hybrid dimer consisting of G313A and MBP-NR,,, little phosphorylation of MBP-NR,, but considerable phosphorylation of the G313A subunit occurred. Thus, within the G313A-MBP-NR11 hybrid dimer, the effect of the G313A mutation is seen not on the phosphorylation of the G313A subunit but rather on the phosphoryla- Phosphorylation of the ter291 protein. As shown above, the ter291 protein was not autophosphorylated when incubated with ATP. We investigated whether the phosphorylation of this protein could occur when the protein is subjected to the urea treatment-dialysis protocol in combination with the H139N protein. Since the ter291 protein is lacking the C-terminal 59 amino acids of NR,,, such complementation, if it occurred, must necessarily be due to a true intramolecular complementation as opposed to a "correction" of the defect due to subunit interactions within a dimer (see Discussion). We observed that A the ter291 protein became phosphorylated when it was subjected to the urea-dialysis protocol in concert with the H139N protein (Fig. 9A) . We also subjected the ter291 protein to the urea-dialysis protocol in combination with wild-type NR,, and again observed that the ter291 protein became phosphorylated (Fig. 9A) . In a separate experiment, we observed that, unlike the other mutant proteins used here, the ter291 protein could be phosphorylated to about the same extent in reaction mixtures containing wild-type NR,,, even in the absence of the urea-dialysis treatment (Fig. 9B) . DISCUSSION In order to characterize further the mechanism of autophosphorylation of NR,,, we purified and studied the autophosphorylation of proteins in which either histidine 139, the site of autophosphorylation (7) , or glycine 313 was altered. The protein containing an altered site of autophosphorylation, the H139N protein, could not be autophosphorylated, while the G313A mutant protein was slowly phosphorylated. UV crosslinking experiments suggested that a Ieast part of the deficiency of the G313A protein is an inability to bind ATP efficiently.
Our experiments suggest that the autophosphorylation of NR,1 proceeds necessarily by the trantis-phosphorylation of the subunits within a dimer of NR,1 (trans-intramolecular model). inhibitory. In contrast, when MBP-NR,,-G313A dimers were incubated with ATP, the MBP-NR,, species was only weakly phosphorylated, while the G313A species was highly phosphorylated. Thus possible explanation for this result is that the truncation removing 59 amino acids weakens the subunit interactions in the dimer, permitting the ter291 protein to form mixed dimers, or at least to interject itself into the active site of normal dimers, spontaneously when incubated with wild-type NR,,.
Thus, this truncated protein may be phosphorylated by an intermolecular mechanism, and further experiments will be required to determine the mechanism of phosphorylation of this protein.
There is one remaining possibility regarding the phosphorylation of the full-length G313A subunit that should be noted. It could be envisioned that G313A phosphorylation occurs necessarily in cis (cis model) if G313A has the property of simultaneously becoming corrected upon inclusion in mixed dimers and by so doing destroys the activity of the other subunit within the dimer. While we think this is unlikely, it is The results presented in this paper and in references 19 and 21 are consistant with previous studies on the isotope exchange behavior of CheA and NR,j (10) . Both of these enzymes readily catalyze isotopic exchange between ATP and ADP (11, 20) . For NR,,, a linear dependence of reaction rate on enzyme concentration was observed, while for CheA a second-order dependence of isotopic exchange on enzyme concentration was observed (10) . In the case of CheA, the dissociation constant for the dimer-monomer transition is apparently fairly high, and mixed dimers are able to form simply upon mixing of mutant proteins (11, 20) . In the case of NR,1, it can be calculated from the isotope exchange data that the dissociation constant for the dimer-monomer transition must be about 10 nM. Consistent with this, we did not observe the spontaneous formation of mixed NR,, dimers in solution, necessitating the urea treatment protocol. The great stability of NR,, mixed dimers in solution enabled us to test the trans-phosphorylation phenomenon rigorously.
NRI, activity is regulated by the elicitation of its phosphatase activity by the P,1 protein (3, 5, 8) . Thus, it seems unlikely that control of trans-phosphorylation would be a target for regulation in this system. However, in other two-component regulatory systems, regulation of the quaternary structure of the enzyme may serve as a mechanism for control of the autophosphorylation activity.
